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Steam-activated carbons were made from shells from five different almond varieties (‘Nonpareil,’ ‘Padre,’
Tuono,’ 23-122,” and ‘Y120-74’) and from a mix of almond types. The purpose of the work was to evaluate
if the composition of shells had any effect on the performance of the final product. The shells contained
the same level of cellulose, but differed in their lignin and hemicellulose composition. The yield of carbon

from the shells ranged from 20% to 23.5%, indicating a loss of about 80% of initial mass. Regardless
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of the composition, the performance of the activated carbons made from the shells was very similar
in a feasibility study. The carbons were found to have a capacity of 100-105 mg/g of carbon for the
two contaminants tested (dibromochloropropane and trichloroethylene). The finding that the activated
carbons performed equally well, regardless of source of almond shells, suggest that that carbons could
be made from almonds shells with consistent quality.

Published by Elsevier B.V.

1. Introduction

Dibromochloropropane (1,2-dibromo-3-chloropropane or
DBCP) and trichloroethylene (1,1,2-trichloroethene or TCE) are
dense liquids which are regulated by U.S. Environmental Protection
Agency (EPA) under the National Primary Drinking Water Regula-
tions (Anon., 2002) and TCE is also considered a priority pollutant
(Anon., 2008c). The maximum contaminant levels allowed are
0.2 and 5 pg/L for DBCP and TCE, respectively, in community and
non-transient, non-community water systems (Anon., 2002). DBCP
was primarily used as an unclassified nematicide for vegetables
and others but is no longer produced in the U.S. Its use in farming
contaminates groundwater and aquifers of nearby communities
(Wong, 1990; Kloos, 1997) and exposures to DBCP have shown
linkage to disease of circulatory system and infertility (Wong et
al,, 1984; Jensen et al., 2006). TCE is a common industrial solvent
and has mainly been used as a degreaser. Due to its prevalent
use, it has found its way into soil and groundwater through spills
and improper releases (Barbash and Roberts, 1986). The issue of
groundwater contamination with TCE is not unique to the U.S. but
exists in many countries including Japan and Taiwan (Nakano et
al., 2000).
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The use of activated carbons for removal of DBCP and TCE is
considered best technology treatment technique by EPA (Anon.,
2002) and the use of activate carbon as an adsorbent for direct TCE
removal from water is well documented (Browne and Cohen, 1990;
Zytner, 1992). Activated carbon columns have been used success-
fully to remove DBCP in California (Wong, 1990).

A variety of sources may be considered for activated carbon
generation; coal, wood char, and agricultural by-products (Heschel
and Klose, 1995). Unlike coal and to some extent wood, agricul-
tural by-products are abundant, low cost and renewable. In this
paper, we describe the performance of activated carbons made
via steam activation of almond shells from different almond vari-
eties. Steam activation is the most common method of producing
activated carbons, but activated carbon production from almond
shells using carbon dioxide activation (Rodriguez-Reinoso et al.,
1982; Rivera-Utrilla and Ferro-Garcia, 1987; Ferro-Garcia et al.,
1988, 1990; Toles et al., 2000c), steam activation (Gergova et al.,
1992, 1994; Heschel and Klose, 1995; Toles et al., 2000c; Wartelle
and Marshall, 2001), acid activation (Johns et al., 1999; Toles et al.,
2000a,b), and chemical activation (Bevla et al., 1984a,b; Balci et al.,
1994) has previously been investigated. However, none of these
studies focused on preparation of activated carbons from shells of
different varieties of almonds.

Measured by any of several different means, almond pro-
duction has increased rapidly over the last several decades.
Worldwide, harvested area has increased from 1.1 millionha in
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1977 to 1.8 million hain 2007 (FAOSTAT, 2009). In California, where
standing orchards accounted for approximately 219,000 hain 1998,
acreage now stands at 299,000 ha (Anon., 2008a). During the same
period, California orchards have consistently produced 75% of the
world’s almond tonnage, and industry handlers have reduced prior
year crop carry-in through rising demand for almonds in both
domestic and export markets. Valued at 1.88 billion USD, almond
kernels were first among US specialty crop exports during 2007
(Anon., 2008a).

Increased almond acreage and utilization has led to similar
increases in production by-products. Almond hulls are utilized
effectively as a palatable feedlot supplement for cattle. A small
proportion of almond shells are (or could be) utilized for diverse
industrial applications (Mayeux and Ruby, 1999; Toles et al.,
2000b,c; Bansode et al., 2003; Lao and Jiménez, 2004; Rodriguez-
Lorenzo and Ferreira, 2004), but the majority currently finds a no
more suitable use than as feedstock for energy co-generation. The
substantial production area of California’s almond orchards and
kernel marketing classes of the various varieties provides signif-
icant tonnage of almond shells that are variety specific. ‘Nonpareil,’
the predominant (37% of production) variety grown in Califor-
nia (Anon., 2008b), generates from 83,000 to 95,000 metric tons of
shells annually, based on a 65-60% kernel percentage, respectively
(Ak et al., 2005; Ayadi et al., 2006). Significant almond shell vol-
umes from other specific varieties are available, as the five most
widely planted varieties (‘Nonpareil,” ‘Carmel,” ‘Butte,” ‘Monterey,’
and ‘Padre’) account for 79% of production (Anon., 2008b).

The development of high-volume agricultural wastes into
value-added by-products requires annually consistent and uni-
form feedstocks for the given process. Previous studies have
demonstrated variability in almond shell chemical composition
(Demirbas, 2002; Font et al., 1988; Pou-Llinas et al., 1990; Wartelle
and Marshall, 2001), perhaps due to differences in the varieties of
almond shells used in the separate analyses. Significant differences
in specific physical characteristics of almond shells were identified
through planned varietal evaluations (Aktas et al., 2007; Ledbetter,
2008). Recently, radical scavenging capacity was found to vary sig-
nificantly in the almond shell evaluations of 18 genotypes (Sfahlan
et al., 2009). Systematic screening of varietal almond shells pro-
vides valuable information in the identification of those shell types
having a specific composition or properties most appropriate to a
given industrial application. In this study, almond shells of three
distinct varieties (‘Nonpareil,” ‘Padre’ and ‘Tuono’); two advanced
breeding lines (‘23-122’ and ‘Y120-74’); and a mixture of varieties
were evaluated in chemical composition; and granular activated
carbons generated from them were compared for their abilities to
adsorb hydrocarbons.

2. Materials and methods

2.1. Materials

Almond shells utilized in this study were obtained from almonds
grown in a flood irrigated research orchard of the San Joaquin Val-
ley Agricultural Sciences Center in Parlier, California. Trees were in
their eighth to fourteenth year of production when utilized in this
study. Nuts were harvested from individual accessions when hull
split was at least 80% complete. Almonds were knocked from trees
onto polypropylene tarps and sun dried for approximately 5 days.
Almond hulls and all foreign matter were then manually removed
from the nuts. A research-sized commercial almond cracking unit
with interchangeable rollers was used to break apart the almond
nuts (Ledbetter and Palmquist, 2006). Soft shell accessions ‘Non-
pareil’ and ‘23-122’ were cracked using rubber rollers whereas
serrated steel rollers were used for hard shell accessions (‘Padre,
‘Tuono,” and ‘Y120-74’). Kernels were then manually removed to

provide clean samples of varietal almond shells. In addition to the
individual varieties, a mixture of shells was also included in the
study. This mixture of shells came from the cracking of approxi-
mately 50 varieties and it may be seen as a ‘random’ sample from
a large almond shelling facility. The shells were milled through a
cutting mill (SM2000, Retsch Gmbh, Haan, Germany) and sieved
to retain the 0.84-2 mm (No. 10-20 sieve) fraction as a result of
previous experiments (Lima et al., 2004; Marshall et al., 2007).

The commercial carbon Calgon Filtrasorb 300 (Calgon Car-
bon Corp., Pittsburgh, PA) was used as delivered for comparison
purposes and was used without further milling. Based on manu-
facturer’s information, Filtrasorb 300 is a bituminous coal-based
carbon designated for use in removing dissolved organic com-
pounds in potable water (Anon., 2008d).

2.2. Experimental methods

Pyrolysis and steam activation were performed in a porcelain
evaporating dish (265 mm diameter, CoorsTek, Golden, CO) placed
in a high-temperature furnace with retort (Lindberg, Type 51662-
HR, Watertown WI) with a void volume of 22 L. The material was
heated to 700°C for 1 h with continuous flow (1.6 L/min) of nitro-
gen gas. During pyrolysis in an inert atmosphere, the material lose
volatiles and gases, chemical bonds are broken and formation of
carbonyl, carboxyl groups are noted and the type of reactions that
take place are raw material and process dependent (Shafizadeh,
1982; Babu, 2008; Lv et al., 2009). Following the pyrolysis, the fur-
nace temperature was increased to 850°C and the material was
steam activated for 1.5h by introducing water at a flow rate of
3 mL/min into the nitrogen gas entering into the cavity of the
furnace. The activation process involves oxidation and opens the
pores and develops the structure (Rodriguez-Reinoso et al., 1982;
Bansal and Goyal, 2005). After activation, the furnace contents
were allowed to cool overnight with a constant nitrogen gas flow
(1.6 L/min). Due to the alkaline nature of these types of activated
carbons (Wartelle and Marshall, 2001; Toles and Marshall, 2002),
the cooled carbon was washed with 0.1 M HCl at a ratio of approx-
imately 100:1 (w/w, liquid:carbon) for 1h, then washed over a
No. 60 sieve screen (0.25-mm opening) with deionized water to
a neutral pH, and finally oven dried at 80°C. The yield of experi-
mental carbon was noted by how much of the initial shell weight
was reduced in the final product.

Adsorption studies for feasibility screening purposes were car-
ried out in 20 mL glass vials using approximately 0.04 g of activated
carbon and water containing TCE and DBCP at an initial concentra-
tions of each a nominal 200 mg/L. This concentration is considered
exceptionally high but was chosen to challenge the activated car-
bons, which were assumed to have strong adsorption properties to
both contaminants. A high initial concentration also assured that
there would be some un-adsorbed material at the end of the experi-
ments. The vials were completely filled to eliminate headspace. The
vials were agitated for 48 h at room temperature and the liquid was
analyzed for TCE and DBCP.

2.3. Analytical methods

The content of cellulose, hemicellulose, and lignin in the ground
almond hulls was determined according to the method of Goering
and Van Soest (1970) using an Ankom A200 fiber analyzer (Ankom
Technology, Macedon, NY). Samples (0.54+0.01¢g in sealed fiber
bags) were extracted sequentially for 1 h at 100 °C in neutral deter-
gent solution (30g/L sodium dodecyl sulfate, 50 mM disodium
ethylenediamine tetraacetic acid, 18 mM sodium tetraborate dec-
ahydrate, 32 mM dibasic sodium phosphate, 10 mL/L triethylene
glycol) to remove soluble compounds and acid detergent solution
(20 g/L cetyl trimethylammonium bromide, 1N H,SO4) to remove
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hemicellulose. The bags were then immersed in 72% H,SO,4 for
3 h with frequent agitation to solubilize cellulose, leaving ash and
lignin. The samples were dried at 100 °C overnight after each step;
the difference in weight before and after each step was used to cal-
culate the content of each component. After the final extraction,
the residue was combusted for 6 h at 600°C in a high-temperature
furnace to determine ash.

Surface areas for the activated carbons were determined using
a Quantachrome NOVA automated nitrogen gas adsorption system
(Quantachrome Instruments, Boynton Beach, FL). Samples were run
in duplicate and specific surface areas were taken from the adsorp-
tionisotherms at —196 °C using the Brunauer-Emmett-Teller (BET)
equation (Brunauer et al., 1938). The micropore (<2 nm diameter
pores) areas were calculated using t-plots derived from the Nova
2000 software. Similarly, using the Nova 2000 AS1win software, the
mesopore (2-50 nm diameter pores) areas were calculated using
the quenched solid density functional theory (Neimark et al., 2009).

Attrition was determined by placing 3 g of 0.42-1.00 mm gran-
ular activated carbon in a 250-mL Erlenmeyer flask together with
ten 5-g-glass marbles in continuous agitation at 200rpm in an
Innova (New Brunswick Scientific, NJ) water bath shaker for 15 min
at 25°C. Attrition was calculated as the percentage of the carbon
retained by a 0.42-mm-size sieve.

Following contact of liquid (containing TCE and DBCP) and
activated carbons, a 10-mL aliquot was filtered using a 0.45-pm-
pore-size syringe filter into a 20-mL sample vial for headspace
analysis. Four grams of anhydrous sodium sulfate was added
to saturate the solution and to drive the organic compounds
into the headspace for solid-phase microextraction (SPME) analy-
sis using a carboxen/polydimethyl-siloxane/divinylbenzene SPME
fiber (Supelco, Bellefonte, PA). The SPME fiber adsorbed the ana-
lytes for 15 min with agitation at 40°C using a CTC Combi PAL
autoinjector (Leap Technologies, Carrboro, NC) on a Agilent Model
6890N gas chromatograph (GC) with a Model 5973N mass spec-
trophotometer (MS) detector (Agilent Technologies, Inc., Santa
Clara, CA) to detect the TCE and DBCP. A 30 m x 0.32 pm HP-5ms
[(5%-phenyl)-methylpolysiloxane] capillary column from Agilent
Technologies was used in the GC. The temperature for the pulsed-
splitless injector was 270°C. The oven temperature was held at
35°C for 5min, ramped at 8 °C/min, and held at 110°C for 2 min.
Selective ion monitoring on the mass spectrometer detector (source
held at 150°C and quadrapole at 106 °C) was used to acquire area
counts at 95 and 130 m/z. Calibration, using 5-6 standards was per-
formed using known concentrations of TCE and DBCP in water and
the headspace analysis method and detection limits for TCE and
DBCP were 5 pg/L, which was similar to that of Poli et al. (2005).

ANOVA variance analysis (P<0.05) and correlation was done
with Microsoft Excel 2003 (Richmond, WA) with post hoc Tukey’s
honestly significant difference test equations (Walpole and Myers,
1989). In this manner, the data from individual activated carbons
could be ranked into groups within which no significant difference
could be statistically proven. In some of the manuscript’s tables and
graphs, letters (e.g., A, B, AB, etc.) indicate the results of the post hoc
test; results with the same letter are statistically not different. Thus,
results in group A are significantly different than results in groups
B and C, while they are not significantly different than results in
group AB, and so on.

3. Results and discussion

The composition of the almond shells are shown in Table 1.
As is noted, the pure varieties ‘Tuono’ and its breeding partner,
‘Y120-74’, had the highest lignin content, together with the shell
mixture (from about 50 varieties). ‘Nonpareil’ and its breeding part-
ner 23-122’ had the lowest lignin content. There was no significant
difference in the amount of ash or cellulose in the shells from the

Table 1

Composition of shells of different almond varieties. The compositional analysis was
performed in duplicate. The superscript letters indicate the result of Tukey’s post
hoc statistical test.

Ash Lignin Cellulose Hemicellulose

Nonpareil 5.6% 2047 4047 24278

Padre 5.97 2628 4254 286P

Tuono 5.8 289¢ 3834 301F

23-122 6.24 2468 4394 2438¢
Y120-74 5.8A 324P 4044 2357

Mixed S 3050 3934 251¢
Standard error 0.9 9 15 8

different varieties but difference was noted in the hemicellulose
and lignin contents of the shells.

The production of activated carbons from shells of the different
almond varieties, resulted in a final carbon yield of 20-23.5%, based
on the final amount of sorbent and the initial amount of shells.
This means that 76.5-80% of the initial mass was gasified during
the pyrolysis cycle. This yield compares well with previous stud-
ies using similar activation conditions (Toles et al., 2000c). While
no attempt was made to characterize the furnace off gases, typical
biomass pyrolysis gases contain condensables and low-molecular
weight gases, such as CO, CO,, CHy, etc. (Becidan et al., 2007; de
Wild et al., 2009). The total specific BET surface area ranged from
549 to 628 m?/g for the experimental carbons, while the micropore
surface areas ranged from 445 to 562 m?/g (see Table 2). Some sta-
tistical difference in the measured surface areas was noted for the
experimental carbons, but statistical test for correlation between
fraction lignin and hemicellulose and surface areaindicated that the
variability in composition of the shells did not result in any signifi-
cant influence the surface area. The surface areas the experimental
carbons were approximately 25% lower than the commercial car-
bon (see Table 2).

The tendency for the granular activated carbons to break into
smaller pieces (during attrition tests) was different for the differ-
ent almond varieties. In Fig. 1, the carbon most likely to break, or
to get crushed, was variety ‘23-122.’ It was curious to find that the
attrition of the GAC from variety ‘23-122’ was over four times that
of the GACs for the other pure almond varieties, but this experiment
was repeated and confirmed. Thus, it must be concluded that acti-
vated carbon solely made from the ‘23-122’ almond variety would
not be suitable for application where a lot of stress is put on the
granular material (e.g., large scale packed columns). The experi-
mental activated carbon made from the mixed shells was as likely
to break as the commercial carbon.

The adsorptive capacity of the carbons was tested with the tar-
get compounds DBCP and TCE at each a nominal 200 mg/L and the
results are shown in Figs. 2 and 3. The data represent triplicate
experiments for each activated carbon type. The figure show that
the activated carbons made from the nut shells were able to adsorb
approximately 100 mg DBCP per gram of carbon, regardless from
which of the almond variety the shell came. The commercial carbon

Table 2

Surface areas of experimental and commercial carbons. The surface area determi-
nation was performed on duplicate samples and the superscript letters indicate the
results of Tukey’s post hoc test.

BET (m?/g) Micropores (m?/g) Mesopores (m?/g)
Nonpareil 5497 + 92 517 + 6 14+ 4
Padre 56018 + 4 445A + 6 188 + 4
Tuono 56378 + 4 4908 + 1 1148 4+ 4
23-122 57578 + 4 522€ +3 648 + 4
Y120-74 5878 + 6 525€ + 6 168 + 4
Mixed 628€ + 18 562P + 23 8AB 4 4
Calgon F-300 900¢ + 34 791F + 27 34€ + 4

2 Term indicates the standard error of the mean value.
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Fig. 1. Results from attrition studies. The experiments were conducted in duplicates.
The error bars indicate standard errors (based on pooled standard deviation) and the
letters above the bars show the results of the Tukey’s post hoc statistical test.
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Fig. 2. DBCP uptake by commercial activated carbon and activated carbons made
from different almond variety nutshells. The error bars indicate standard errors
(based on pooled standard deviation) and the letters above the bars show the results
of the Tukey’s post hoc statistical test.

did almost as well but was statistically less effective in removing
DBCP; no statistical difference was noted between the experimen-
tal carbons. Little data is available for DBCP adsorption on carbon
but some data suggest that 50-60 mg DBCP can be adsorbed by
Calgon Filtrasorb 300 (Dobbs and Cohen, 1980; Wong, 1990) at a
final equilibrium DBCP concentration of 1 mg/L. The value com-
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Fig.3. TCE uptake by commercial activated carbon and activated carbons made from
different almond variety nutshells. The error bars indicate standard errors (based
on pooled standard deviation) and the letters above the bars show the results of the
Tukey’s post hoc statistical test.

pares very well with the data obtained for the F-300 carbon in our
studies (Fig. 2) at similar equilibrium concentrations.

The uptake of TCE of the carbons was similar to the DBCP uptake
and the material adsorbed approximately 110 mg TCE per g carbon,
regardless of the source of the almond shells used for the carbons.
While there was a statistical difference with the best performing
experimental carbon and the commercial carbon, the difference
was small. The results from the studies conducted here (Fig. 3) com-
pare well with results in the literature for steam-activated carbon.
Karanfil and Dastgheib (2004) and Urano et al. (1991) showed that
Calgon F-400 adsorbed approximately 100 mg of TCE/g of carbon.
O’Brien and Stenzel (1984) showed that Calgon F-300 could adsorb
60 and 100 mg of TCE/g of carbon at equilibrium TCE concentra-
tion of 1 and 4 mg/L, respectively. While these studies noted similar
capacities to the ones obtained in our studies, other studies by Yu
and Chou (2000) found that 30 mg of TCE could be adsorbed onto
1 g of Calgon F-400 contained in a column, treating TCE-containing
water at a concentration of 1 mg/L. Zytner (1992) predicted that
82 mg of TCE would be adsorbed onto Westvaco Nuclear activated
carbon at an equilibrium concentration of 1 mg TCE/L.

The results from current studies suggest that it is feasible to use
almond-shell-based activated carbons for treatment of water con-
taminated with DBCP and TCE. The results also give an indication of
the uptake capacity of DBCP and TCE; however, engineering studies
would be required before final recommendations could be made.
The cost of producing steam-activated carbons from almond shells
has previously been estimated at $1.54/kg of carbon (Toles et al.,
2000c). The production cost for commercial carbons are not known
but historical average prices have been $1.79-2.09/kg of carbon
during 2000-2005 (Kirschner, 2006). Thus, it appears that activated
carbons made from agricultural resources may have potential for
commercial application.

4. Conclusion

Activated carbons were successfully produced from shells of
different almond varieties. The compositional differences in the
almond shells did not translate to any significant differences in
the performance of the activated carbon in respect to uptake of
TCE and DBCP. This finding suggests that almond shells could serve
a source of raw material for activated carbon manufacture and
regardless of variety, would produce a reliable product. The struc-
tural integrity of the activated carbons made from almond shells
was better than or equal to that of the commercial control car-
bon, with one exception-carbon made from the shells of the variety
known as ‘23-122’ produced a noticeable softer activated carbon.
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